INTRODUCTION
Eukaryotic messenger RNA (mRNA) undergoes processing steps, including the removal of introns and ligation of exons via splicing, prior to nuclear export and translation. Work over several decades has determined that pre-mRNA splicing can occur cotranscriptionally, while the nascent RNA molecule is still covalently attached to RNA polymerase II (Pol II) and therefore to the DNA template (Perales and Bentley 2009 ). Previous work also shows kinetic coupling between Pol II transcription and spliceosome assembly and splicing (Beyer and Osheim 1988; LeMaire and Thummel 1990; Bauren and Wieslander 1994; Kiseleva et al. 1994; Zhang et al. 1994; Wetterberg et al. 1996; Das et al. 2006; Carrillo Oesterreich et al. 2010; de la Mata et al. 2010; Ip et al. 2011; Khodor et al. 2011) .
Substantial evidence indicates that transcription and splicing are coupled and not merely two independent processes that occur at the same time. For example, the C-terminal domain (CTD) of Pol II may be required for splicing in higher eukaryotes (McCracken et al. 1997) . In vitro assays also show that Pol II transcription aids in efficient assembly of an active spliceosome (e.g., Das et al. 2006) . The rate of Pol II transcription can help determine splice-site choice (Kadener et al. 2001; de la Mata et al. 2003) and change the extent of cotranscriptional splicing (Khodor et al. 2011) .
Splicing and splicing factors can also affect transcription. For example, U1 snRNP has been shown to recruit TFIIB, D, and H factors to the transcriptional initiation site even in the absence of active splicing (Kwek et al. 2002; Damgaard et al. 2008) . Additionally, previous work has shown the direct recruitment of spliceosome components to nascent RNA in yeast and human cell lines (Gornemann et al. 2005; Lacadie and Rosbash 2005; Lacadie et al. 2006;  1 Listerman et al. 2006; Tardiff et al. 2006) . Moreover, recruitment occurs in a stepwise manner: U1 snRNP binds first, then U2, then the U4/U5/U6 tri-snRNP (Gornemann et al. 2005; Lacadie and Rosbash 2005; Tardiff et al. 2006) . Further work in yeast and Drosophila confirmed widespread cotranscriptional splicing in these organisms (Alexander et al. 2010; Carrillo Oesterreich et al. 2010; Khodor et al. 2011) . Our work in Drosophila also established that intron length negatively correlates with cotranscriptional splicing efficiency, which supports a model of the intron as the unit across which splice sites are defined in this organism (Mount et al. 1992; Fox-Walsh et al. 2005; Khodor et al. 2011 ). In addition, cotranscriptional splicing efficiency was highest for constitutive, internal introns (Khodor et al. 2011) .
However, there is no comparable genome-wide study in mammals, and the few studies performed on individual genes show variability in cotranscriptional splicing efficiency between specific introns (Kessler et al. 1993; Listerman et al. 2006; Pandya-Jones and Black 2009) . Moreover, mammalian genomic architecture is completely different from that of flies, making it unwise to extrapolate from the Drosophila picture (Khodor et al. 2011) . For example, the median mammalian gene is sixfold longer than the median Drosophila gene and features short exons (z150 bp) flanked by long introns (z1000 bp) (Berget 1995; Waterston et al. 2002; Flicek et al. 2012 ). In addition, splice-site sequences are more degenerate in mammals, which allows for more alternative splicing and exon creation and loss (Ast 2004) . These complexities of mammalian gene architecture compromise the bioinformatic recognition of splice sites and splicing in mammalian systems. In contrast to the apparent intron-definition pattern applicable to fly splicing, previous work in mammalian cell lines supports an exon definition model: The U1 snRNP present at an internal 59 splice site (59SS) interacts with spliceosome components on the 39 splice site (39SS) region of the previous intron. This cross-exon interaction is often buttressed by the presence of other splicing factors within the bridged exon (Robberson et al. 1990; Kuo et al. 1991; Talerico and Berget 1994; Berget 1995) . Exon length is restricted to z50-500 bp by exon definition, and artificially extending an exon past the 500-bp mark often results in exon skipping (Robberson et al. 1990; Berget 1995; Sterner et al. 1996; Fox-Walsh et al. 2005) .
Functional coupling of splicing to transcription is thought to occur principally via two mechanisms. One is through the interaction of splicing factors with the nascent template and the transcriptional machinery Kim et al. 1997; Tanner et al. 1997; Hirose et al. 1999; Robert et al. 2002; de la Mata and Kornblihtt 2006) . The other is kinetic coupling, i.e., a ''race'' between the time it takes a transcript to be transcribed and cleaved from Pol II by the 39-end formation machinery versus the assembly of the spliceosome and the splicing reactions (de la Mata et al. 2003 (de la Mata et al. , 2010 Lacadie et al. 2006; Tardiff et al. 2006; Carrillo Oesterreich et al. 2010; Khodor et al. 2011) . The kinetic coupling model is reinforced by data that decreasing the Pol II elongation rate enhances cotranscriptional splicing efficiency (de la Mata et al. 2003 (de la Mata et al. , 2010 Khodor et al. 2011) . Similarly, a Pol II pause near the 39SS of a yeast intron is thought to allow time for splicing to complete cotranscriptionally on high-efficiency genes (Alexander et al. 2010; Carrillo Oesterreich et al. 2010) . Studies on the relationship between histone placement, modification, and splicing (Kolasinska-Zwierz et al. 2009; Spies et al. 2009; Kim et al. 2011 ) may provide insight into how modulating the elongation rate of Pol II within a gene affects the cotranscriptional splicing efficiency of specific introns (Kessler et al. 1993; Pandya-Jones and Black 2009; Khodor et al. 2011) . Although gene-specific studies support the kinetic coupling model (de la Mata et al. 2003; Pandya-Jones and Black 2009) , there are no genome-wide mammalian data relevant to this issue.
Recently, high-throughput sequencing (HTS) has emerged as an invaluable tool for the studies of global transcription and splicing. HTS of nascent RNA in particular (NascentSeq) has been used to examine the circadian regulation of transcription in the fly head as well as in mouse liver (Menet et al. 2012 ; J Rodriguez, CHA Tang, YL Khodor, S Vodala, JS Menet, and M Rosbash, in prep.) . We previously characterized Drosophila S2 cell and fly head RNA by Nascent-Seq, which allowed an assessment of genome-wide cotranscriptional splicing (Khodor et al. 2011 ). The key metric was intron retention, which assessed the amount of nascent intron sequence compared with exon sequence within individual genes. Low retention was interpreted to indicate a high fraction of spliced nascent RNA.
Because no comparable genome-wide study has been done in mammals, we used our previously published data sets (Khodor et al. 2011; Menet et al. 2012 ) to assess cotranscriptional splicing in mouse liver as well as to compare mammalian and fly cotranscriptional splicing. Mouse introns are twofold less likely to be cotranscriptionally spliced than fly introns. Similar to fly introns, however, mouse introns annotated as ''alternative'' are more likely than generic (constitutive) introns to be retained in the nascent RNA fraction, i.e., less likely to be cotranscriptionally spliced. Also like fly introns, mouse introns within single-intron genes are also less efficiently cotranscriptionally spliced. Importantly, intron length in mouse does not negatively correlate with cotranscriptional splicing efficiency like in flies (Khodor et al. 2011) . Rather, mouse cotranscriptional splicing is optimal for introns with 59 exons of 50-500 bp, consistent with the exon definition model. There were striking effects of intron position and gene length on mouse cotranscriptional splicing efficiency, strongly indicating a gene length/transcription time effect on cotranscriptional splicing, i.e., kinetic coupling (Oesterreich et al. 2011) . Because similar gene length effects were seen in the fly data, kinetic coupling appears to be general, indepen
RESULTS
Global cotranscriptional splicing efficiency is lower in mouse liver than in fly tissues Recent work from our laboratory generated HTS data sets using NUN fractionation to sequence nascent pre-mRNA still attached to elongating Pol II (Khodor et al. 2011; Menet et al. 2012) . One of these studies was from Drosophila tissue culture cells and heads, and it focused on cotranscriptional splicing (Khodor et al. 2011) . The other assayed time points from mouse liver and focused on the circadian regulation of transcription (Menet et al. 2012) . We therefore decided to analyze these liver data for cotranscriptional splicing efficiency, because there is little literature on global cotranscriptional splicing efficiency in mammals, and to compare the results with our recent analysis of Drosophila global cotranscriptional splicing.
Visual inspection of the mouse liver Nascent-Seq with the Integrated Genome Browser (IGB) indicated that the liver nascent RNA data has features in common with the fly nascent RNA data ( Fig. 1A,C ; Supplemental Fig. S1A ; Khodor et al. 2011 ). For example, there is often a 59-to-39 decrease in read abundance across the length of the gene, consistent with the cotranscriptional nature of the RNA: All nascent transcripts should share a 59 end, but only a small fraction of Pol II molecules reach the 39 end of the gene, resulting in a lower abundance of reads at this end of the transcript. Also evident by visual inspection in IGB is a notable difference in the two data sets, namely, the extent of cotranscriptional splicing. A typical fly gene manifests a high degree of cotranscriptional splicing, as noted by the dearth of sequence reads in the intron regions of the typical gene shown, gp210 (Supplemental Fig. S1A ; Khodor et al. 2011) . In contrast, there are many more intron reads in typical mouse genes, e.g., Peli1 (Fig. 1A) , suggesting a considerably lower cotranscriptional splicing efficiency in mouse than in fly. Some mouse genes, like Agmo/ Tmem195, show greater cotranscriptional splicing efficiency in 59 introns and virtually no splicing in the last intron (Fig. 1C ). For all of these genes ( Fig. 1A,C ; Supplemental Fig. S1A ) and in the vast majority of cases, the control poly(A) (pA) tracks show little-to-no signal in the intron regions.
To quantify cotranscriptional splicing efficiency, we calculated the number of reads in the last 25 bp of the intron and divided it by the number of reads in the first 25 bp of the adjacent exon, a ratio of reads across the 39 splice site (39SS ratio) of introns from the mouse data as we had done from fly data (Khodor et al. 2011) . We also calculated a 59 splice site (59SS) ratio, which was very similar to the 39SS ratio (Supplemental Fig. S2A ) (see Discussion). A ratio of 1 denotes a completely unspliced intron, suggesting poor cotranscriptional splicing efficiency, and a ratio of 0 denotes an intron that is efficiently and perhaps rapidly cotranscriptionally spliced. Quantitation of the 39SS ratio for the introns in gp210 (Supplemental Fig. S1B ), Peli1 (Fig. 1B) , and Agmo/ Tmem195 (Fig. 1D) shows that there is indeed a big difference in splicing efficiency between the representative cases of the two species.
We then calculated the 39SS ratio for all mouse introns that have an average of at least three reads per base pair (reads/bp) in their exons and compared the numbers with those previously calculated for fly introns ( Fig. 1E ; Khodor et al. 2011) . The median mouse ratio (0.55) is approximately twofold higher than the median fly ratio (0.25). One simple interpretation is that the median fly intron is cotranscriptionally spliced twice as efficiently as the median mouse intron. There were no mouse genes in which all introns had a 39SS ratio of 0.1 or less, unlike in the fly (Khodor et al. 2011 ). This observation suggests that all mouse genes undergo some percentage of post-transcriptional splicing. Global pA sequencing indicates minimal intron presence for all introns and genes, which is consistent with efficient splicing upstream of nuclear export, independent of cotranscriptional splicing (Supplemental Fig. S2B ,C).
Alternatively annotated introns are less efficiently spliced in both organisms
Previous work on select human genes showed that alternative exons are less efficiently cotranscriptionally spliced than their constitutive neighbors (Pandya-Jones and Black 2009). Consistent with this observation, our global sequencing of Drosophila nascent RNA showed that alternatively annotated introns are more retained in the nascent fraction when compared with constitutively annotated introns (Khodor et al. 2011) . The same analysis done here on liver nascent RNA comes to an identical conclusion (P < 0.001, Mann-Whitney U-Test) ( Fig. 2A) .
However, only 5385 introns of the almost 60,000 analyzed are annotated as alternative in the mouse reference sequence (Pruitt et al. 2009 ). This number severely underestimates the number of alternative splicing events believed to occur in this organism (Sharov et al. 2005; Kim et al. 2007; Harr and Turner 2010) . For example, the 33rd exon of Fibronectin1 (Fn1) is the alternatively spliced exon homolog of the human exon, also known as EDI, which is frequently used to study alternative splicing (de la Mata et al. 2003 (de la Mata et al. , 2010 . Recent work indicated that the intron downstream from this human EDI exon is spliced faster than the upstream intron (de la Mata et al. 2010) . Indeed, the EDI exon is virtually missing from the pA RNA sequencing, and the downstream intron has a lower 39SS ratio than the upstream intron in the nascent sequencing (Fig. 2B,C) . The 39SS ratio from pA RNA is artificially high due to the dearth of reads across the EDI exon in this sample (Fig. 2C) ; this result suggests that isoforms including this exon are not stably expressed in mouse liver. Because Introns located within single-intron genes (dark green, dark blue) show significantly higher 39SS ratios than introns within multi-intron genes (light green, light blue) in both mouse (green) and fly (blue) (***, P < 0.001, Mann-Whitney U-Test). Box plots span the 95th-fifth percentiles.
the reference sequence only has one annotated isoform of Fn1, these introns and exons are perhaps improperly annotated as constitutive. Given this limitation in defining alternative splicing, it is possible that the difference between the cotranscriptional splicing of alternative and constitutive mouse introns is even more dramatic.
Introns within single-intron genes are less efficiently cotranscriptionally spliced in both species
We also examined the special case of introns present in single-intron mouse genes. These introns are cotranscriptionally spliced less efficiently than those present in multiintron genes, and this is also the case for single-intron fly genes (Fig. 2D) . In fact, the cotranscriptional splicing of introns within single-intron mouse genes does not correlate with any other effects (discussed below), such as intron, 39-exon, and 59-exon lengths (Supplemental Fig. S3A-C) . This result may indicate that introns within single-intron mouse genes, like select yeast introns, serve a regulatory function, such as limiting the amount of mature transcript (Dabeva et al. 1986; Barta and Iggo 1995; Preker et al. 2002; Parenteau et al. 2008) . In contrast, both 39-and 59-exon length but not intron length of single-intron genes in the fly correlate with 39SS ratio (Supplemental Fig. S3D-F) . This result indicates that longer exons promote cotranscriptional splicing efficiency.
Intron length negatively correlates with cotranscriptional splicing efficiency in the fly but not in the mouse Intron size is thought to play a role in determining splicing efficiency (Fox-Walsh et al. 2005) as well as in determining how an intron is defined (Mount et al. 1992; Sterner et al. 1996; Burnette et al. 2005; Fox-Walsh et al. 2005; Farlow et al. 2012; Gelfman et al. 2012) . Indeed, our previous work determined that longer fly introns manifest poorer cotranscriptional splicing efficiencies (Khodor et al. 2011) . Because the median mouse intron is 16-fold larger than the median fly intron (1369 bp vs. 82 bp), we asked whether intron length accounts for the twofold difference in cotranscriptional splicing efficiency between fly and mouse.
Intron length does not correlate with poorer cotranscriptional splicing in mouse liver, nor does it account for the decrease in efficiency between the two species (Fig. 3A) . The median 39SS mouse ratio is much higher than that of the fly for introns of comparable size (Fig. 3A) . Moreover, the median 39SS ratio slightly but significantly decreases with increasing intron size in the mouse (P < 0.001, KrustalWallis test). These results indicate that intron length plays no more than a minor role in determining cotranscriptional splicing efficiency in the mouse or in determining differences between species.
Cotranscriptional splicing efficiency and exon size: Investigating exon definition Work over many decades has established two models for splice site definition, intron definition, and exon definition (Robberson et al. 1990; Kuo et al. 1991; Talerico and Berget 1994; Berget 1995) . Intron definition is thought to occur when introns are relatively short: U1 snRNP binds the 59 splice site (59SS) and associates across the short intron with factors that bind the 39SS such as U2AF (Mount et al. 1992; Berget 1995; Farlow et al. 2012; Gelfman et al. 2012 ). Exon definition is thought to occur with larger introns and smaller exons: U1 binds to the 59SS and associates across the short exon with spliceosome components on the 39 end of the previous intron and with splicing-relevant proteins bound to the exon (Robberson et al. 1990; Kuo et al. 1991; Talerico and Berget 1994; Berget 1995) . If mouse cotranscriptional splicing efficiency does not correlate with intron size, might (green) is lowest when the length of the 59 exon is 50-500 bp. In fly (blue), the length of the 59 exon is negatively correlated with the 39SS ratio of a given intron (***, P < 0.001, KrustalWallis Test, all pairwise). Box plots span the 95th-fifth percentiles.
it be constrained by the size of neighboring exons? Because there are indications that first and last introns require interactions with capping and cleavage/polyadenylation machinery to be efficiently spliced, respectively (Niwa and Berget 1991; Lewis et al. 1996; Cooke et al. 1999; Dye and Proudfoot 1999; Rigo et al. 2005; Khodor et al. 2011) , we excluded them from our analyses.
Strikingly, there are marked interspecific differences in the correlation of cotranscriptional splicing efficiency with upstream exon size in mouse versus fly. There is a slight but statistically significant decrease in the 39SS ratio for mouse introns with 59 exons 50-500 bp long (P < 0.001, KrustalWallis Test) (Fig. 3B) . This size range includes the optimal exon size (z150 nt) found in previous experimental studies with artificial constructs (Robberson et al. 1990; Berget 1995; Sterner et al. 1996) and supports an exon-definition model.
Surprisingly, upstream exon length in Drosophila correlates with a decrease in the 39SS ratio for the intron (P < 0.001, Krustal-Wallis Test) (Fig. 3B) . These results indicate that the longer the exon the better is the cotranscriptional splicing of the following intron. This surprising relationship is independent of other parameters such as 39 exon length, gene length, or the position of the intron relative to the end of the gene (discussed below) (Supplemental Fig. S4 ). However, it does not apply to larger introns, those >1000 bp in length and >10% of the total gene size (Supplemental Fig. S5) . The relationship may indicate that short introns, which are predominant in Drosophila, are optimally spliced cotranscriptionally when flanked by larger exons.
Intron position plays a major role in cotranscriptional splicing efficiency in both organisms
We previously reported that first and last Drosophila introns manifest greater intron retention than internal introns, likely indicating poorer cotranscriptional splicing efficiency (P < 0.001, Krustal-Wallis Test) ( Fig. 4A ; Khodor et al. 2011 ). These results are in contrast to a study of select human genes, which showed a general 59-to-39 gradient in cotranscriptional intron excision (Pandya-Jones and Black 2009). We therefore examined the global mouse liver data by intron position. As predicted by the gene-specific study (Pandya-Jones and Black 2009) and unlike what was observed in the fly, mouse introns indeed show a 59-to-39 gradient in 39SS ratio (P < 0.001, Krustal-Wallis Test). The gradient includes first introns, indicating more efficient splicing of more 59-proximal introns (Fig. 4A) .
These intron position effects were reminiscent of previously reported 39-exon length effects in yeast splicing Carrillo Oesterreich et al. 2010) . We therefore examined whether 39-exon length influences cotranscriptional splicing efficiency. Indeed, the 39SS ratio is strongly correlated with the length of the exon 39 to that intron, and that is true for Drosophila as well as mouse (P < 0.001, Krustal-Wallis Test) (Fig. 4B) . The interpretation is that a longer 39 exon allows more time for cotranscriptional splicing of the upstream intron.
To further explore this phenomenon, we measured mouse intron location, the absolute distance from its 39SS to the 39 end of the gene. Remarkably, introns show a very strong gradient: The farther away the 39SS of a given intron is from the gene 39 end, the more likely that intron is to be cotranscriptionally spliced (lower 39SS ratio). The results are consistent with a prior report in Chironomus (Wetterberg et al. 1996) . Although the 39SS ratio of Drosophila internal introns at all distances from the 39 end is dramatically lower than that of mouse internal introns (P < 0.001, Krustal-Wallis Test), the Drosophila introns show a similarly strong gradient (Fig. 4C) . The exceptions to this ''distance to the end of the gene rule'' are the handful of mouse introns (27 out of z47,000) that are greater than a megabase away from the gene 39 end. These introns are spliced even more poorly than those nearest their gene 39 end (P < 0.001, Krustal-Wallis Test) (Fig. 4C) . Surprisingly, these introns are all annotated as alternative (Supplemental Fig. S6 ). Consistent with this correlation, the farther away an alternatively annotated intron is from the 39 end of its gene, the more likely the intron is to be retained than a constitutively annotated intron at the same distance (Supplemental Fig. S6 ).
We also examined the special case of single-intron fly genes for this ''distance to the end of the gene'' rule and found another difference from mouse: The fly introns continue to obey this rule (P = 0.004, Krustal-Wallis Test), whereas mouse single introns do not or much less well (P = 0.052, Krustal-Wallis Test) (Supplemental Fig. S7 ).
Gene size is positively correlated with cotranscriptional splicing efficiency in both mouse and fly
In addition to the difference in median intron size, there is a sixfold difference in median gene size between the mouse and fly genomes. The recent genome-wide studies of cotranscriptional splicing (Carrillo Oesterreich et al. 2010; Khodor et al. 2011) have not examined the effect of gene size.
Increasing gene size strikingly correlates with lower 39SS ratios in both mouse and fly (P < 0.001, Krustal-Wallis Test) (Fig. 4D) , an effect that is not dependent on the absolute position of the intron relative to the end of the gene (Supplemental Fig. S8 ). Single-intron genes are the only exception to this rule (Supplemental Fig. S9 ). Taken together with the 39 exon length and distance to the 39 end effects, these data reinforce a kinetic view of cotranscriptional splicing: The more time Pol II spends in active transcription prior to 39-end formation, the more likely cotranscriptional splicing is to occur.
DISCUSSION
To understand the differences in cotranscriptional splicing efficiency between metazoans, we compared previously published nascent sequencing analyses of mouse liver and Drosophila S2 cells (Khodor et al. 2011; Menet et al. 2012) . Cotranscriptional splicing in mouse liver is approximately twofold less efficient than in Drosophila S2 cells (39SS ratio of 0.55 vs. 0.25). Another difference between the species is that intron length does not correlate with poorer cotranscriptional splicing efficiency in mouse. Moreover, 59-exon length is optimal between 50 and 500 bp only in the mouse, a finding that recalls exon definition. Similarities between the two species include the fact that alternatively annotated introns are more likely to be cotranscriptionally retained than constitutively annotated introns and that introns within single intron genes are more retained than introns found in multi-intron genes. The most striking effect in both species is intron position: The further an intron is from the 39 end of a gene, the lower is the 39ss ratio, indicating better cotranscriptional splicing. Additionally, absolute gene length correlates with cotranscriptional splicing efficiency independent of intron position.
The twofold increase in intron retention between fly and mouse is surprising, especially given the low intron signal in the mouse pA sequence data. This may indicate that total splicing in mouse liver, post-transcriptional as well as cotranscriptional, is very efficient (Supplemental Fig. S2 ). However, unspliced transcripts may be efficiently degraded by the nuclear exosome or by nonsense-mediated decay (NMD) in the cytoplasm. An argument against a major effect by NMD is that sequencing of the fly nuclear pA fraction, which is not chromatin-associated (''nucleoplasm''), shows splicing patterns very similar to those seen FIGURE 4. Cotranscriptional splicing efficiency differs dramatically with intron position and the size of the gene. (A) Intron retention, as measured by the 39SS ratio, differs significantly between first, internal, and final introns in both mouse (green) and fly (blue) (P < 0.001, KrustalWallis Test, all pairwise). (B) For internal introns in both mouse (green) and fly (blue), the length of the 39 exon is negatively correlated with the 39SS ratio (P < 0.001, Krustal-Wallis Test, all pairwise). (C) For internal introns in both mouse (green) and fly (blue), the distance of the intron from the end of the gene is negatively correlated with the 39SS ratio. The exception is about 30 introns in mouse greater than a megabase away from the end of the gene (P < 0.001, Krustal-Wallis Test, all pairwise). (D) For all introns in both mouse (green) and fly (blue), the size of a gene containing a given intron is negatively correlated with the 39SS ratio (P < 0.001, Krustal-Wallis Test, all pairwise). Box plots span the 95th-fifth percentiles.
in the total pA (data not shown). We have not performed a similar assay in the mouse system, so it is possible that considerable splicing occurs post-transcriptionally in this species, i.e., after 39-end formation. This view is consistent with a revised first-come, first-served model (de la Mata et al. 2010) , namely, commitment complex formation always occurs cotranscriptionally, but substantial splicing only occurs after 39 cleavage and polyadenylation of the transcript.
Our results are compatible with the abundant data suggesting that transcripts are retained at their transcription site until splicing completes. Fluorescence in situ hybridization of human b-globin genes showed transcripts in intranuclear foci colocalizing with the template gene locus; splicing was shown to be limiting for release from the transcription site (Custodio et al. 1999 ). More recent experiments using real-time imaging of human cells demonstrated that incompletely spliced pre-mRNAs are retained at the transcription site in ''dots'' (Brody et al. 2011; Vargas et al. 2011) . Splicing events of this nature would not be detectable in our assay, because they would be removed by the dT wash we include in our procedure prior to library preparation and sequencing. Although our fly paper interpreted this material as ''contamination,'' it is possible that it contains RNA destined to be post-transcriptionally spliced.
We previously determined that alternatively annotated fly introns are cotransciptionally spliced relatively poorly (Khodor et al. 2011) . Despite an overall lower cotranscriptional splicing efficiency, mouse introns show a similar phenomenon. Notably, the few introns that are far from the 39 end of their genes and show poor cotranscriptional splicing are all annotated as alternative (Supplemental Fig. S6) . However, the mouse results appear complicated by the fewer introns that are correctly annotated as alternative in the reference sequence used for analysis. The median difference between alternative and constitutive intron retention could therefore be even greater. Nonetheless, the results indicate that removal of alternative introns is slower, perhaps due to the increased difficulty in determining appropriate splice site partners; inefficient splicing is especially true for alternatively annotated introns far from the 39 end of the gene. Alternatively, the delay may be ''by design'' and upstream of splice site partner assignment, to uncouple this regulation from the temporal issues inherent in cotranscriptional events. In support of this notion, we could not find any mouse genes whose introns were all better than 90% spliced-something observed for fly genes. Therefore, some splicing of all mouse genes appears to complete post-transcriptionally.
Single-intron genes are another special class of retained introns. Although present in both species, this class is much rarer in mouse than in fly (0.3% and 4% of introns analyzed, respectively). These mouse single-intron genes are not affected by intron length, exon length, or intron position. Single-intron mouse genes may therefore be special with the splicing delay serving or reflecting post-transcriptional regulation. A precedent is autoregulation, which has been shown for select yeast introns (Dabeva et al. 1986; Barta and Iggo 1995; Preker et al. 2002; Parenteau et al. 2008 ). Signaling could also play a role, because the GO annotation for mouse single intron genes indicates significant enrichment for G-proteins and receptors as well as transmembrane and zinc-finger proteins (DAVID GO 3.2 3 10 À8 for G-proteins; 3.8 3 10 À5 for zinc-finger proteins). In contrast, the Drosophila S2 cell single-intron GO enrichment is much less striking with only a slight enrichment for structural proteins and ribosome components (DAVID GO 0.01 for ribosome and structural proteins). Given the much larger average number of mouse introns/gene, perhaps only the single-intron mouse genes constitute a bona fide cohort.
Our previous fly analysis determined that intron length correlates with poorer cotranscriptional splicing efficiency (Khodor et al. 2011) . The exceptions were introns 10 kb or longer, which are not only rare in the fly genome but are also recursively spliced (Burnette et al. 2005; Khodor et al. 2011) . In contrast, mouse cotranscriptional splicing efficiency did not decrease with intron length. Rather, cotranscriptional splicing was optimal with 59 exons of 50-500 bp in length, supporting exon definition (Robberson et al. 1990; Kuo et al. 1991; Talerico and Berget 1994; Berget 1995; Sterner et al. 1996) . This splicing mode has been shown to be less efficient than intron definition (Fox-Walsh et al. 2005) , suggesting that a switch in mechanism may partly underlie the twofold difference in global cotranscriptional splicing efficiency.
In addition to overall better cotranscriptional splicing efficiency, longer 59 as well as 39 exons positively correlate with better cotranscriptional splicing efficiency of short fly introns. These data are in line with previous work indicating that short introns are difficult to recognize by the splicing machinery when flanked by short exons; i.e., short introns are better spliced when surrounded by longer exons under intron definition conditions (Sterner et al. 1996; FoxWalsh et al. 2005) .
39-Exon length also correlates with better cotranscriptional splicing efficiency in mouse, which may reflect a simple timing mechanism: The greater the distance that Pol II transcribes from the end of an intron to the end of the gene, the more time there is for splicing to cotranscriptionally complete (de la Mata et al. 2003 (de la Mata et al. , 2010 Lacadie et al. 2006; Tardiff et al. 2006; Khodor et al. 2011) . We previously found that this kinetic competition model could not explain all Drosophila splicing events, because first introns were more likely to be cotranscriptionally retained than internal or last introns in the fly (Khodor et al. 2011) . Preferential retention of the first intron could have a number of explanations, including interactions of the U1 snRNP bound to the first 59SS with transcription initiation factors (Kwek et al. 2002; Damgaard et al. 2008 ). Another possibility is that first intron retention facilitates a desired delay in nuclear export, dependent on cap-and splicing-mediated recruitment of the TREX complex to the 59 end of transcripts (Cheng et al. 2006) . Despite the fly first intron exception, however, the analysis shown here indicates that the 39-exon length rule applies to internal fly introns and to almost all mouse introns. The only exceptions are alternative mouse introns that are very far (more than a megabase) from the 39 end of a gene. These introns could be misannotated or they could be special, with their own splicing rules.
In contrast to the fly situation, mouse first introns are slightly less retained than internal introns, which are less retained than terminal introns. This simple 59-to-39 gradient model fits with previously published data on select human genes (Pandya-Jones and Black 2009). The lack of exceptional first introns in the mouse system may reflect the longer time required to transcribe the average gene in mammals, which might counteract a general delay in the splicing of first introns. Alternatively, the inferred delay in flies may not exist in mammals.
In addition to the effect of intron position, there is a gene-length effect in both organisms: Introns of longer genes are more likely to be cotranscriptionally spliced, i.e., show less intron retention, independent of intron location. This surprising effect is statistically significant even for last introns, the splicing of which has been linked in some cases to cleavage and polyadenylation of the nascent transcript (Cooke et al. 1999; Dye and Proudfoot 1999; Rigo et al. 2005) . The recruitment or function of some splicing factor(s) may be more likely as a function of time spent by elongating Pol II. This time includes pausing, which should occur more frequently on longer genes and further increase elongation time, splicing factor accumulation, and function. Recent work has shown that histones are enriched in exons over introns (Spies et al. 2009) , and an increase in nucleosome density at intron-exon boundaries could promote nucleosome-induced Pol II pausing, which has been shown to occur in yeast (Churchman and Weissman 2011) .
To examine the relative kinetics of splicing and transcriptional elongation, we calculated the 59SS ratio as well as the 39SS ratio. In mouse, the two were highly and significantly correlated (Spearman's r = 0.566, P > 0.01), and there was no significant difference in their distributions (P = 1.0, Wilcoxon signed-rank test). These results led us to speculate that the actual catalytic events of splicing take place quickly relative to the times required for transcription and splice site recognition.
This analysis provides a link between the high-efficiency cotranscriptional splicing observed in yeast and flies (Carrillo Oesterreich et al. 2010; Khodor et al. 2011 ) and previous gene-specific work in mammals, which hinted at less efficient cotranscriptional splicing (de la Mata et al. 2010) . Despite the increase in transcription time afforded by longer mammalian genes, the slower exon definition process (Fox-Walsh et al. 2005 ) may decrease the extent of cotranscriptional splicing. This may even be ''by design,'' because annotated alternative splicing is more frequent in mammals (Sharov et al. 2005; Kim et al. 2007; Wang et al. 2008; Harr and Turner 2010; Nilsen and Graveley 2010) and appears to be preferentially spliced post-transcriptionally in both organisms ( Fig. 2A) . Additionally, nuclear export of mRNA in mammals has been shown to be dependent on splicing (Kohler and Hurt 2007) , and a shift toward post-transcriptional splicing may reflect this relationship. Despite these quantitative differences, several other gene features affect cotranscriptional splicing similarly in flies and mice, including 39-exon length and distance to the end of the gene. This suggests that major features of the functional coupling between transcription and splicing existed 550 million years ago in the common ancestor of flies and mice.
MATERIALS AND METHODS

RNA isolation from Drosophila S2 cells
Nascent and pA RNA fractions were isolated as described previously (Khodor et al. 2011) . Briefly, for nascent RNA, S2 cells were collected and nuclei isolated by douncing cells and spinning the resulting lysate through a sucrose cushion. Collected nuclei were resuspended and washed with 23 NUN buffer. After an incubation on ice, the chromatin-associated fraction was collected via centrifugation, and RNA was isolated using TRIzol Reagent (Invitrogen). For the pA, total RNA was isolated from S2 cells with TRIzol Reagent following the manufacturer's protocol, and pA RNA was collected with a 23 wash with oligo(dT) beads (Invitrogen).
RNA isolation from mouse liver
Nascent RNA fractions were isolated as described previously (Wuarin and Schibler 1994; Menet et al. 2012) . mRNA fractions were collected from mouse liver samples using TRIzol Reagent (Invitrogen) and processed using Truseq RNA sample kits (Illumina).
RNA sequencing and alignment
Sequencing was performed on the Illumina Genome Analyzer II and HiSeq and samples were analyzed using TopHat with Bowtie (http://www.tophat.cbcb.umd.edu) (Langmead et al. 2009; Trapnell et al. 2009 ) as described previously (Khodor et al. 2011; Menet et al. 2012) . Briefly, for the nascent and fly mRNA libraries were prepared using the standard Solexa protocol. Libraries were size-selected on a gel to be 200-300 bp long. Fly nascent RNA was subject to rRNA removal as described previously (Khodor et al. 2011) . Both fly and mouse nascent RNA was washed across an oligo(dT) column to remove any polyadenylated RNA prior to library generation. All fly samples and mouse nascent RNA libraries were sequenced on the GAII. Mouse mRNA libraries were prepared using Truseq RNA sample kits (Illumina) and sequenced on a HiSeq2000.
Sequencing generated 72-bp reads, except for one fly replicate that was trimmed to 64 bp, and these were mapped to the Drosophila dm3 and mouse mm9 genome alignments downloaded from the UCSC Genome Browser database (http://genome.ucsc. edu/index.html). Non-unique reads were discarded and unique reads analyzed using custom scripts. To avoid any bias resulting from circadian collection of the original mouse liver samples, only ZT08 and ZT20 replicates were averaged and analyzed for splicing efficiencies. The control pA samples averaged and analyzed were ZT06, ZT10, ZT18, and ZT22.
39SS ratio determination
Custom scripts were used to determine splicing efficiency by the ratio of reads about the 39SS. We determined the number of reads at each base pair for the last 25 bp of a given intron and the first 25 bp of the 39 exon. The numbers were then divided. Alternative introns with overlapping exons in this region were excluded from this analysis. Constitutive introns were defined as introns appearing in all isoforms of the gene, and their retention was calculated as an average retention for all isoforms of the gene (Khodor et al. 2011 ).
Statistical analysis
Selected introns with an average of greater than or equal to three reads per base pair in all exons of the transcript were analyzed by length of intron and flanking exons, position within the gene, and prior annotation as alternative or constitutive in RefSeq using the PASW Statistics 18 software (IBM). Box plots generated show the 95th-fifth percentile distributions between the whiskers, and the box spans the 75th-25th percentiles. Nonparametric analysis was used, because the distributions were not normal. Significance marks above distributions analyzed using the Kurstal-Wallis Test reflect significant differences between all distributions in those groupings.
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SUPPLEMENTAL MATERIAL
Supplemental material is available for this article.
